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Recombination of two-dimensional electrons with free light and heavy holes
in Al„Ga, As-GaAs single heterojunctions in a magnetic field
D. C. Reynolds, D. C. Look, and B.Jogai
University Research Center, Wright State Uniuersity, Dayton, Ohio 45435
C. E. Stutz
Solid State Electronics Directorate, Wright Laboratory, WL/ELR, Wright-Patterson Air Force Base, Ohio 45433
(Received 6 July 1993)
Landau-level oscillations are observed in the photoluminescence from an Al Ga, „As-GaAs single
heterojunction in an applied magnetic field. Extrapolating the oscillations back to zero field gives the en-
ergy of the transition from the two-dimensional (2D) electrons to the free heavy holes (hh1 and hh2) and
free light holes (lh) weakly confined in the GaAs active layer. The measured energy separation between
hh1 and lh is 1.8 meV, which agrees very well with the calculated value of 2.2 meV. The measured ener-
gy separation between hh1 and hh2 is 3.8 meV, in good agreement with the calculated value of 4.4 meV.
The 2D electron effective mass was determined to be m,*=0.086m. The light-hole effective mass was
determined to be m&h =0.078m, using the GaAs heavy-hole effective mass m&» =0.46m as input. The
effective mass m h» is approximately the same as m h».
Since the introduction of modulation doping, '
dramatic progress has been made in semiconductor tech-
nology. In this process the doping ions are placed in the
barrier region on one side of the heterojunction but
separated from the heterojunction interface by a spacer
layer. The heterostructure currently being investigated is
the Al Ga, As-GaAs system; the barrier being the
Al Ga, As. The doping in the barrier results in band
bending across the structure while the Fermi level
remains constant in equilibrium throughout the whole
structure. For the n-type-doping case, electrons will
transfer from the donors in the barrier region to a tri-
angular potential on the GaAs side until the Fermi ener-
gy is raised to the Fermi energy on the Al Ga& „As side.
At this point, a nearly triangular potential well will exist
on the GaAs side, with the electrons exhibiting two-
dimensional (2D) properties. The attractive feature of
this heterostructure, from the device point of view, is that
the electrons conduct current without being severely mo-
bility limited from interaction with the device dopant
ions. From this structure, the highly successful high elec-
tron mobility transistor was developed. However, in ad-
dition to its importance with regard to high performance
devices, it has also generated great interest from a funda-
mental physical point of view. It is the fundamental
properties that permit a detailed analysis of the structure,
which has proven to be very useful in analyzing the het-
erostructure devices produced from these structures. The
fundamental properties have been investigated experi-
mentally through electrical and optical measure-
ments ' and also by fundamental theoretical stud-
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One of the most powerful methods of investigating the
energy spectrum of 2D electrons is from the radiative
recombination of 2D electrons with photoexcited holes.
Recombination with both free and bound holes has been
observed. When the experiment is performed in the
presence of an applied magnetic Geld, Landau oscillations
associated with the optical transitions arising from the
recombination of 2D electrons with both the light and
heavy free holes may be observed. We report such obser-
vations in this work. From the Landau fan diagram the
reduced electron-hole effective mass is determined. The
recombination of 2D electrons with free heavy holes gives
a reduced mass of 0.073, while the recombination of 2D
electrons with free light holes gives a reduced mass of
0.041. By substituting the heavy-hole effective mass
mz& =0.46m for GaAs into the equation, one obtains a
2D electron mass m,*=0.086m. By substituting this
value of m,* into the reduced effective mass for the light-
hole transition, a light-hole effective mass m&& =0.078 is
obtained, in excellent agreement with the accepted value
m, z =0.085m for GaAs.
The sample studied was an Al Ga& „As-GaAs hetero-
structure grown by molecular-beam epitaxy (MBE) on a
semi-insulating GaAs substrate. Using a Varian MBE
machine, the substrate was nominally oriented 6' from
(100) towards the (111)Ga plane. An Epi Chorus valved
cracker cell was used to produce dimeric arsenic as the
arsenic growth species. The GaAs and Al Ga& „As
growth rates were 0.72 and 1.0 ML/sec (1 ML = 2.8275
A), respectively, and the As2 to Ga (uncorrected) beam
pressure ratio was 18, which gave an As-stabilized (2X4)
surface reconstruction during GaAs growth at
600+10 C. The buffer layer sequence consisted of 500-A
GaAs, followed by a ten-cycle [(30-A Al Ga& As)/(30-
A GaAs)] superlattice, followed by 500-A GaAs, followed
by 20-A undoped Al GaI As, followed by 400-A uni-
formly doped (2. 5X10' /cm Si) Al„Ga& As with an x
value of 0.28 as determined by reAection high-energy
electron-diffraction oscillations. The structure was ter-
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FICi. 1. Energy-level diagram of a single modulation-doped
heterostructure. Electrons populate the notch from the ground
state to the Fermi level, forming 2D electrons. Recombination
processes go from the 2D electrons to the free heavy holes as
well as to the free light holes shown by the arrows.
minated with a 350-A GaAs cap doped with 4X 10' /cm
Si.
Hall-effect measurements were performed at 296 and
77 K on a 6X6 mm piece of the sample. Although there
was parallel conduction from the doped A1„Ga& „As-
barrier/GaAs-cap combination, the 2D characteristics
could be determined from a new magnetic-field-
dependent Hall and conductivity analysis. ' The results
were mobility p=6.4X10 cm /Vs and sheet carrier
concentration n = 1.1 X 10' cm at 296 K, and
p=2. 2X10 cm /Vs and n =6.7X10" cm at 77 K.
A similar structure, but with 5000 A (instead of 500 A) of
GaAs above the superlattice, gave p=7. 1X10 cm /Vs
and n =1.2X10' cm at 296 K, and @=3.7X10
cm /Vs and n =1.1X10' cm at 77 K. Thus, it is pos-
sible that a 500-A GaAs channel layer is not sufficient to
avoid substrate diffusion or growth roughness at the 2D
interface. This question is being investigated further. In
all cases photoluminescence (PL) was excited with an
Ar+ ion laser with a power density of -0.25 W/cm .
High-resolution PL measurements were made at 2 K with
the sample immersed in liquid He. The spectra were ana-
lyzed with a high-resolution 4-m spectrometer equipped
with an RCA C3103A photomultiplier tube for detection.
A schematic of the heterostructure being investigated
is shown in Fig. 1. The arrows mark the optical transi-
tions from the 2D electrons to the free heavy holes (hhl
and hh2) and light holes (lh) confined in the GaAs active
layer. The optical transitions from the 2D electrons to
holes bound to acceptors were weak and indistinct in this
sample. Photoluminescence for this sample is shown in
Fig. 2. The solid curve shows the PL in zero magnetic
field. The broad peak at 1.5102 eV is identified as the
transition from 2D electrons to the hh1's. A similar tran-
sition to free light holes is not resolved. Landau oscilla-
tions do not appear until an applied magnetic field of ap-
proximately 16 KG is reached. At lower fields the Lan-
dau levels are apparently not well developed in this sam-
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FIG. 2. Landau oscillations observed in PL for three
different applied magnetic fields from 15.8 to 36 KCx. Also
shown is the PL emission in zero field, the donor bound exciton
(D,X), and acceptor bound exciton ( A, X) from bulk CxaAs.
pie. The dashed curve in Fig. 2 shows the Landau oscil-
lations for an applied field of 15.8 KG. Oscillations are
also shown for fields of 27 and 36 KG. The oscillations
are quite clear and well developed. The Landau fan dia-
gram which plots the energy of the oscillations as a func-
tion of magnetic field is shown in Fig. 3. Extrapolating
the oscillations back to zero applied field gives the energy
of the transition from the 2D electrons to the hhl's at
1.5102 eV, in good agreement with the broad peak ob-
served in PL in zero applied field. Extrapolation of the
oscillations associated with the free light holes back to
zero magnetic field gives the energy of the transition from
the 2D electrons to the free lh's at 1.5121 eV. The calcu-
lated energy separation between the free heavy holes and
the free light holes for this sample is 2.2 meV, in good
agreement with the measured value of 1.8 meV. Extrapo-
lation of the oscillations associated with hh2 (dashed
curve) back to zero field gives the energy of the transition
from the 2D electrons to the hh2's at 1.5140 eV. The cal-
culated energy separation of hh1 and hh2 is 4.4 meV in
good agreement with the measured value of 3.8 meV.
To confirm the nature of the emission peaks, the ener-
gy levels have been calculated self-consistently. The
eigenenergies and wave functions of the system were cal-
culated from a four-band k p theory. Provided that the
Fermi level is known, the free-electron concentration can
then be readily computed from the wave functions and
the Fermi-Dirac occupation probability. The Fermi level
is obtained from the global charge neutrality condition:
within the solution space, it is assumed that the total
number of ionized donors balances the total number of
free electrons. The Hartree and exchange-correlation
parts of the Coulomb interaction are calculated from the
Poisson equation and from density-functional theory, re-
spectively. Since the electron mass in this system is
small, exchange correlation accounts for only a small
portion of the band bending; the Hartree term yields the
dominant contribution. The energies and wave functions
are recalculated from the new conduction- and valence-
band edges, and the entire process is repeated until the
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one can calculate a reduced effective mass of electrons
and holes. The above expression is for bulk serniconduc-
tors; however, a 500-A confinement is nearly bulklike so
the expression should give a good approximation. Using
this approximation the reduced effective mass of elec-
solution converges. Convergence is judged to have oc-
curred when the maximum change in potential between
the current and previous solution at any point in the
growth axis is less than 0.1 meV, a reasonable conver-
gence criterion considering the large size of the structure.
The boundary conditions and underlying assumptions
play an important role in the calculated results. To
render the problem tractable, much of the structure is ex-
cluded from the solution space, which contains just the
first 2000 A of the material. Fixed end conditions are en-
forced in the wave-function calculation. This means that
the wave functions are assumed to vanish at the extremi-
ties. Similar boundary conditions are enforced in the po-
tential calculation: the potential is set to zero at the ex-
tremities. This implies, of course, that surface states are
not included. These states, however, do not inhuence the
band profile in the notch region, the main region of in-
terest in the present work, because of charge screening by
electrons in the cap well. Since the occupation probabili-
ty of the Si donors in the barrier is not taken into ac-
count, certain assumptions need to be made concerning
the number of donors that contribute to the free charge.
This, in turn, strongly influences the shape of the notch
region, together with the number of free electrons it con-
tains.
If one assumes that all of the barrier donors are ion-
ized, the calculated areal electron density in the notch is
substantially higher than the measured result. If, howev-
er, one assumes that the number of ionized donors is
8X10' cm, the calculated areal density is 1.15X10'
cm, close to the measured result. Electrons originating
from donors in the barrier are distributed proportionately
between the cap well and the notch, with the cap well
drawing twice as many as the notch in this instance.
For this ionized donor concentration, both the
subband-to-subband transition energy and the light-
hole —heavy-hole energy separation compare favorably
with the optical data. Finally, the calculations were done
for 2.0 K, the temperature at which the optical data were
taken. Subject to the number of ionized donors remaining
unchanged, we have found that temperature variations
between 2.0 and 300 K do not significantly affect the cal-
culated band profile and, hence, the free-electron distri-
bution.
Using the expression
b,E = (n + —,' )Ace, ,
where
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FIG. 3. The Landau-level fan diagram showing the transition
from the 2D electrons to the free hh1's and hh2's and also from
the 2D electrons to the free lh's.
The authors would like to thank J. E. Ehret and E. N.
Taylor for crystal-growth support and G. L. McCoy and
C. W. Litton for technical support. This work was par-
tially supported by AFOSR. The work of D.C.R.,
D.C.L., and B.J. was performed at Wright Laboratory,
Solid State Electronics Directorate (WL/EL), Wright
Patterson Air Force Base under USAF Contract No.
F33615-91-C-1765.
trons and holes for the transition from the 2D electrons
to the hh1's is m ' =0.073m. Substituting the heavy-hole
effective mass of 0.46 for GaAs, ' a 2D electron effective
mass m,*=0.086m is calculated. An m,*=0.085m was
determined by Driessen et a/. for a single heterojunction
with similar doping. The reduced effective mass of elec-
trons and holes for the transition from 2D electrons to
the lh's is m *=0.041m. Substituting the value
m 3
=0.086m determined above for the 2D electron
effective mass gives a light-hole effective mass of
m&&=0. 078m. This is in excellent agreement with the
light-hole effective mass of 0.085m for GaAs. ' In Fig. 3,
it is seen that the slope of the curve associating with hh2
is comparable with the slope of the curve associated with
hh1 indicating that m hh2 =m hhi This is convincing evi-
dence that the transitions at 1.5102, 1.5140, and 1.5121
eV are indeed transitions from the 2D electrons to the
free heavy holes (hhl and hh2) and to the free light holes
(lh), respectively. These three transitions are not resolved
in zero magnetic field, but are clearly resolved from the
Landau-level transitions.
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